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Abstract
In the framework of model with Lorentz violation (LV) we discuss a physical observ-
ables for qq¯ pair production at lepton-lepton colliders and describe the experimental signal
to be detected. We obtain a conservative limits on Lorentz-violating dimensionless cou-
pling for quark sector from LEP data. We also make a phenomenological prediction for
LV model at the future lepton collider.
PACS: 12.60.Cn, 13.60.Fz, 14.65.Fy Keywords: Lorentz violation, Standard Model Extension
(SME), lepton colliders.
1 Introduction
The problem of space-time anisotropy is a great challenge of high energy physics. The attempts
to measure the space anisotropy for a relatively low energy scale are widely performed by an
astrophysical experimental searches. Nevertheless, the ability to search fundamental properties
of space-time on a high energy scales appears with LHC launching. A violation of Lorentz
invariance is one of the possible reason of space anisotropy. There are various self-consistent
setups of quantum gravity which admit the violation of Lorentz invariance: a models of quantum
loop gravity [1, 2], string model setups [3, 4], a models of Horava-Lifshitz with extra spatial
derivatives [5, 6, 7], the models of the analogue gravity [8]. The most general Lorentz-violating
Lagrangian with gauge invariant renormalizable terms was performed by [9, 10] for the particles
of standard model (SM). The former framework is known as Standard-Model Extension (SME)
of Alan Kosteletsky. The current constraints on SME parameters are presented in [11]. In
particular, the limits for leptons have been set at the level of 10−6 − 10−20.
A very recent result [12] claims that CPT -even coefficients for LV in the quark sector (e.g.
for u and d quarks) can be bounded at the level about 10−5−10−6 from HERA experimental data
on deep inelastic scattering (DIS) of e−p. A framework of SME has been explored carefully also
in the context of Tevatron collider phenomenology. In particular Ref. [13] provides the bounds
on CPT -even LV couplings of top quark from dependence of the tt¯ production cross-section on
sideral time as the orientation of the D0 detector changes with the rotation of the Earth. Test
of CPT -odd symmetry violation for B-mesons was performed in Refs. [14, 15].
However the limits on CPT -even LV coupling (cQ(U,D))ZZAB for quarks hasn’t been obtained
yet. In the present paper we discuss a possible implication of the SME phenomenology for quark
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sector at a lepton- lepton colliders. Namely, we calculate the production cross-section of qq¯ pair
via γ and Z0- boson for the SME couplings that affect the quark field.
The paper is organized as follows. In Sec. 2 we consider general Lagrangian of the SME
and perform LV couplings of quarks to be constrained by collider experiment. In Sec. 3 we
derive the matrix element squared for the process e+e− → qq¯ in SME. In Sec. 4 we consider
the spatial transformations from a Sun-centered reference frame to the Earth-based laboratory
frame. In Sec. 5 we obtain a very conservative limits for LV coupling of u, d, s, c and b quarks
from ALEPH and OPAL data. In Sec. 6 we derive time-dependent cross-section for the process
e+e− → qq¯ and make SME prediction for the future lepton-lepton collider.
2 SME Lagrangian
We begin with a general SME Lagrangian, which can be expressed in the following form
LSME = LSM + LLV , (1)
where LSM is the standard model (SM) Lagrangian and LLV contains renormalizable Lorentz-
violating terms for SM fields. Now let us consider CPT even Lagrangian for the quark sector
LLV ⊃ LquarksLV = i(cQ)µνABQAγµDνQB + i(cU)µνABUAγµDνUB+ (2)
+i(cD)µνABDAγ
µDνDB,
where index A labels the quark flavor, A = 1, 2, 3, here uA = (u, c, t) and dA = (d, s, b).
We denote left- and right-handed quarks in (2) by QA = (uA, dA)L, UA = (uA)R and DA =
(dA)R. The dimensionless LV coefficients (cQ)µνAB, (cU)µνAB and (cD)µνAB can be assumed
symmetric in flavor indices, A,B and traceless in space-time indices, µ, ν. For definiteness in
the present paper we consider a very specific case of Lorentz violation instead of treating full
SME Lagrangian (2) for quarks, when A = B. Namely, the subjects of our interest are the
Lagrangians for quarks in the SU(2) × U(1) breaking sector, LLV =
∑
q(Lγq¯qLV + LZq¯qLV ). As an
illustration we perform below the lagrangian for b quark
Lγb¯bLV = Qbeb¯
(
cQµν
(1− γ5)
2
+ cDµν
(1 + γ5)
2
)
γµbAν (3)
LZb¯bLV =
e
sin 2θW
b¯
(
cQµνC
f
L
(1− γ5)
2
+ cDµνC
f
R
(1 + γ5)
2
)
γµbZν (4)
here we denote for simplicity cQµν ≡ cQµν33 and cDµν ≡ cDµν33. For other flavors only diagonal
elements have been left, say, for c-quark we have cQµν ≡ cQµν22 and cUµν ≡ cUµν22. These
coefficients to be constrained by the collider experiment. All remaining LV coefficients for
quarks in (2) can be set to zero without loss of generality. We also use a convenient SM
notations CfL = 2T
f
3 − 2Qf sin2 θW and CfR = −2Qf sin2 θW in (3) and (4).
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Figure 1: the diagram illustrates the kinematics of the process e+e− → qq¯.
3 The matrix element for SME setup
In this section we calculate the matrix element squared for the signal process e+e− → qq¯ at
lepton- lepton collider for the case of Lorentz violation (3) and (4). The amplitude squared,
which corresponds to q-q¯ pair production via γ and Z0 boson can be written as sum of SM
term and SM-SME interference terms in the leading order of LV couplings cQµν , c
U
µν and c
D
µν∑
s.c.
|M(e+e− → qq¯)|2 '
∑
s.c.
|Mγ +MZ |2︸ ︷︷ ︸
|M |2SM
+
∑
s.c.
(
2M†γδMγ + 4M†γδMZ + 2M†ZδMZ
)
︸ ︷︷ ︸
δ|M |2SME
, (5)
in the expression above we average the amplitude squared over the initial state of lepton po-
larization and sum over the quark colors. For the sake of simplicity we now set cQµν = c
U
µν =
cDµν ≡ cqµν , then the partial amplitudes take the following forms∑
s.c.
2M†ZδMZ=
2Nce
4
sin4 2θW
cqµν
(s−M2Z)2
(
(Cq2L +C
q2
R )(C
l2
L+C
l2
R )L
µν
V + (C
q2
L−Cq2R )(C l2L−C l2R )LµνA
)
, (6)
∑
s.c.
4M†γδMZ =
2Nce
4QqQl
sin2 2θW
cqµν
s(s−M2Z)
(
(CqL+C
q
R)(C
l
L+C
l
R)L
µν
V +(C
q
L−CqR)(C lL−C lR)LµνA
)
, (7)
∑
s.c.
2M†γδMγ = 2Nc 2 e4Q2qQ2l
1
s2
2cqµν L
µν
V , (8)
where LVµν and L
A
µν are the vector and the axial Lorentz violating tensors respectively, which
depend on the 4-momenta of the incoming and produced particles e−(p1)e+(p2)→ q(k1)q¯(k2):
LAµν = ((p2k1)
2 − (p2k2)2)gµν − (p2k1)(k2µp1ν + k1µp2ν) + (p2k2)(k1µp1ν + k2µp2ν), (9)
LVµν = (p2k1)(k1νp2µ + k2νp1µ)+ (p2k2)(k1νp1µ + k2νp2µ)− (10)
−(p1p2)(k2µk1ν + k1µk2ν + p2µp1ν + p1µp2ν) + gµν(p1p2)2.
In Sec. 5 and Sec. 6 we compare the matrix element (5) to the SM expectation in order to
estimate the contribution of LV coefficients cqµν to the production rate of q-q¯ pair at the lepton-
lepton colliders.
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Figure 2: Left panel: orientation of the beam direction for ALEPH and OPAL detectors.
Right panel: schematic illustration of the Sun-centered and Earth-based reference frames.
ALEPH OPAL L3 DELPHI
Beam orientation (α) 33.92◦ 54.50◦ 55.60◦ 34.87◦
Colatitude (χ) 43.77◦ 43.77◦ 43.77◦ 43.77◦
Table 1: The location of the LEP detectors at Earth-based reference frame.
4 The reference frame transformation
If one takes into account the Earth’s rotation effect, then we should replace cqij → cqij(t) =
cqIJ R
I
i (t)R
J
j (t) in Eqs. (6-8), the indices I and J numerate the coordinates of the Sun-centered
frame, I, J = (X, Y, Z); the indices i and j are associated with Earth-based reference frame (see
e.g. Fig. 2 for details). For the sake of simplicity we set also cqTT = c
q
TI = c
q
IT = 0 throughout
the paper. We assume that the relative velocity of Sun-centered and Earth-based reference
frames is negligible, so the transformation operation involves only rotations. The explicit form
of the rotation matrix Rˆ(t) = RJi (t) is given by the following partial transformations
Rˆ(t) = Rz(ωt)Ry(χ)Rx(pi/2)Ry(α). (11)
The corresponding matrices, Rx(φ) Ry(θ) and Rz(ψ) are defined by the following way
Rx(φ) =
1 0 00 cosφ − sinφ
0 sinφ cosφ
 , Ry(θ) =
cos θ 0 − sin θ0 1 0
sin θ 0 cos θ
 , Rz(ψ) =
 cosψ sinψ 0− sinψ cosψ 0
0 0 1
 ,
here ω = 2pi/Tsid is related to the sideral period, Tsid = (23 h, 56 m, 4.091 s), χ is the colatitude
of the detector, χ = (90◦−Latitude), and α is the angle between the lepton beam and detector’s
longitude. One can see from Eqs. (6-8) that SME amplitudes squared have the terms which
are proportional to the vector part, cqIJR
I
i (t)R
J
j (t)L
V
ij , and to the axial part, c
q
IJR
I
i (t)R
J
j (t)L
A
ij.
Thus the effect of Earth’s rotation will introduce a time dependence in the SME contribution,
δ|M|2SME(t), to the production rate of q-q¯ pair.
4
5 qq¯ pair production at LEP
The differential cross-section for qq¯ pair production at LEP including Lorentz-violating contri-
bution from SME can be written in the following form
dσ
dΩ
(e+e− → qq¯) = 1
64pi2s
∑
s.c.
(
|M|2SM + δ|M|2SME(t)
)
. (12)
In this section we restrict our analysis to the case
cqIJ =
cqXX cqXY cqXZcqY X cqY Y cqY Z
cqZX c
q
ZY c
q
ZZ
 . (13)
The traceless condition for cIJ requires that c
q
XX + c
q
Y Y = −cqZZ . In order to estimate the
collider sensitivity to SME coefficient we average δ|M |2SME(t) over the sideral period, Tsid. The
explicit calculation revealed that time-averaged SME amplitude is proportional to SM matrix
element squared
〈δ|M |2SME(t)〉t =
1
Tsid
Tsid∫
0
δ|M |2SME(t)dt = CSME · |M |2SM (14)
where
CSME =
cqZZ
8
(1 + 3(cos 2α + cos 2χ− cos 2α cos 2χ)). (15)
Which means that SME coefficients contribute to the signal cross-section up to the multiplica-
tive factor in the following way
σSMEe+e−→qq¯ = σ
SM
e+e−→qq¯ · (1 + CSME). (16)
It must be point out that after time-averaging (14) our analysis is not sensitive to XY , XZ
or ZY elements of (13). So we can constrain only ZZ component of SME coupling. Since
ALEPH and OPAL detectors at LEP measured directly the production rate of qq¯ events, from
experimental uncertainties on σSMe+e−→qq¯ we can derive the limits on |cqZZ | under assumption
|cuZZ | = |cdZZ | = |csZZ | = |ccZZ | = |cbZZ | = |cZZ |, Tab. 2 shows relevant constraints. Beyond this
assumption, namely for |cuZZ | 6= |cdZZ | 6= |csZZ | 6= |ccZZ | 6= |cbZZ |, the systematic uncertainty of
bb¯ - and cc¯ - pairs fraction in total qq¯ production needs to be taken into account. It follows
from σbb¯(cc¯) = Rb(c) · σqq¯ that the relative uncertanties on bb¯(cc¯) cross-section can be expressed
in the following way ∆σbb¯(cc¯)/〈σbb¯(cc¯)〉 = ∆σqq¯/〈σqq¯〉 + ∆Rb(c)/〈Rb(c)〉. In this case conservative
bounds can be found in Tab. 3 for ALEPH and OPAL detectors.
6 The prospects of SME probes in quark sector
In this section we briefly discuss a possible implications of the SME phenomenology for collider
experiments and for low energy searches of LV. In contrast to the Sec. 5 now we consider the
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ALEPH OPAL
∆σqq¯/〈σqq¯〉 0.78%, see Tab. 4 of Ref. [16] 1.21%, see Tab. 5 of Ref. [18]
|cZZ | < 0.027 < 0.036
Table 2: Conservative bounds on LV coupling of all quarks assuming |cuZZ | = |cdZZ | = |csZZ | =
|ccZZ | = |cbZZ | = |cZZ |.
ALEPH OPAL
∆σqq¯/〈σqq¯〉 0.78%, see Tab. 4 of Ref. [16] 2.2%, see Tab. 2 of Ref.[19]
∆Rb/〈Rb〉 9.2%, see Sec. 7.1 of Ref. [16] 13.5%, see Sec. 2.2 of Ref. [19]
∆Rc/〈Rc〉 10.8%, see Sec. 7.2 of Ref. [16] -
|cbZZ | < 0.35 < 0.46
|ccZZ | < 0.4 -
Table 3: Conservative bounds on LV coupling of c- and b-quarks.
effects of time-dependence in the LV cross-section (12). In order to minimize the number of
parameters to be constrained we choose the following benchmark matrix of LV dimensionless
couplings
cqIJ =
cqXX 0 00 −cqXX 0
0 0 0
 .
In this case the cross-section for qq¯ production can be presented as the cross-section of SM
process, σSMe+e−→qq¯, modulated by a time dependent function
σSMEe+e−→qq¯ = σ
SM
e+e−→qq¯ · (1 + (t)), (17)
where the contribution of LV couplings is given by the following function
(t) = cqXX
(
cos 2ωt{cos2 α cos2 χ− sin2 α + cos2 χ} − cosχ sin2 α sin 2ωt) . (18)
The expression (17) describes the variation of qq¯ production signal twice with the sideral day
due to the Lorentz violating contribution of the SME. We leave Monte-Carlo simulation of the
signal (17) for the future study.
The analyses of Refs. [12, 13] are very sophisticated and comprehensive test of SME. How-
ever, in the light of prospect study, it is instructive to probe SME for the low energy observ-
ables [20] as well as for the phenomenological quantities at the high-energy scales [21]. Indeed,
Lorentz-violation in quark sector (3) affects the photon polarization operator. Moreover, one
can show that Lorentz-violating kinetic term of quark Lagrangian modifies the dispersion rela-
tion of quarks at the tree level as well as the photon’s dispersion relation at the one-loop level
[20]. This effectively means that the velocity of the photon acquires the additional contribution
from the terms which ”run” via renormalization-group. Therefore, one can constrain the LV
coupling of quarks with a high accuracy from laser experiments by measuring the speed of light.
This sophisticated analysis is a subject of our study in the nearest future.
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